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technetium at pH 6.00 ± 0.07 and 10.00 ± 0.04. Before Tc
addition, the pyrite surface at both pH values appears to be
quite similar, although at pH 10.00 ± 0.04, more small
particles (highlighted in red in micrographs 2a and 2d) are
shown. They can be attributed to new iron minerals, like
magnetite, hematite, and goethite, formed in the pyrite surface
due to its initial oxidation. EDX analysis was not able to find
the technetium on the samples, which was attributed to its low
concentration.
The interaction with technetium causes a significant change

in the morphology of the mineral, especially for the small
particles that disappear after the Tc addition while the surface
becomes smoother. This change is more pronounced with the
increase in the Tc concentration, implying that it is a
consequence of the redox reaction.
Micrographs 2c and 2f show the pyrite surface at

pH 6.00 ± 0.07 and pH 10.00 ± 0.04 after the interaction
with 1000 ppm Tc for 1 month. There is a clear difference
between the surfaces at each pH value, suggesting that the iron
minerals formed with the Tc reduction are not the same. A
visual comparison between our results and the micrographs
obtained by Taitel Goldman44 (Figure S4) shows that the
surfaces resemble hematite at pH 6.00 ± 0.07 and magnetite at
pH 10.00 ± 0.04.
Raman microscopy was used to identify the minerals

formed. However, this was only possible with the sample of
pyrite containing 1000 ppm Tc load at pH 6.00 ± 0.07 (Figure
S5), where hematite was recognized by comparison with the
reference R050300 of the RRUFF database.26

X-ray Absorption Spectroscopy. Figure 3 summarizes
the Tc K edge XAS spectra of the Tc(VII) reacted pyrite
samples. The XANES spectra (Figure 3a) of all samples are
identical. The position is in line with Tc(IV) as a comparison
with the TcO2·xH2O reference spectrum shows. The easily
detectable pre edge peak of Tc(VII) is absent in all samples,
indicating that Tc(VII) amounts to less than 2%. Comparison
with the spectrum of the Tc(IV) sulfide, TcSx, demonstrates
that Tc in all samples is prevalently coordinated to oxygen and
not to sulfur (Figure 3c).
Figure 3c shows the Fourier transform magnitude (FTM,

which can be seen as a pseudoradial distribution function of
atoms around Tc centers) of the four samples along with two
Tc references shown above and below, representing Tc(IV)
dimers sorbed to magnetite (FeIIFe2

IIIO4) and Tc(IV)
substituting for Fe in the octahedral position of magnetite
(structural Tc), respectively.10 The samples at pH 6.00 ± 0.07
(samples 1 and 2) show some similarity with the sorption
complex, while samples at pH 10.00 ± 0.04 (samples 3 and 4)
are similar to structural Tc, although there remain significant
differences to the two references. Principal component analysis
performed with iterative transformation factor analysis (ITFA)
software33 shows that the four sample spectra can be
reconstructed with two principal components (red lines),
indicating that Tc occurs in only two different local structures.

To test whether any of the available references are in line with
the two components present in the sample spectra, we
repeated the principal component analysis by adding the
available reference spectra10,45 to the four samples. Addition of
TcO2·xH2O, TcSx, or Tc dimers sorbed on magnetite always
resulted in an increase of the number of significant spectral
components to three, indicating that they do not constitute
one of the two components present in the samples (not
shown).
Uptake of Tc(IV) substituted on octahedral sites of

magnetite, however, did not increase the number of
components and provided a reasonable fit of all five spectra
(samples plus Tc in the magnetite structure in Figure 3c). The
incorporation of Tc(IV) into magnetite has been previously
observed10,11 and is explained by Tc4+ and Fe3+ having
identical crystal radii (0.785 Å) in six fold coordination,46 and
Fe2+ providing a reasonable charge compensation for Tc4+47,48

and, therefore, Tc removal by pyrite at pH 10.00 ± 0.04 can be
assigned to this incorporation process.
Based on the identification of one of the two endmember

components, we performed an iterative transformation target
test with ITFA to derive the fraction of the two components in
the sample spectra (by fixing the fraction of structural Tc to
unity) and to derive the endmember spectrum of the second
component (Table 2). The visual appearance of the spectra
(Figure 3b,c) suggests that samples at pH 10.00 ± 0.04 consist
predominately of species 2 (structural Tc), whereas samples at
pH 6.00 ± 0.07 are mainly constituted by species 1, which is
similar but not identical to a Tc sorption complex.
To identify species 1, we performed the shell fitting of its

spectrum, as shown in Table 3 (Figure S6). First, we

conducted the fit with one Tc−O and two Tc−Fe shells
following the visual appearance of only two Tc−Fe shells in the
FTM. This fit, however, strongly deviated from the
experimental spectrum. Therefore, we added an additional
Tc−Tc shell, which was found before to be essential for a
reliable fit.10 In agreement with this former fit regime, we
obtained a reliable match of the spectrum of component 1.

Table 2. Species Quantification by ITT (Bold Fixed)

sample no species 1 (Tc(IV) dimers) species 2 (structural Tc) sum

pyrite + Tc 600 ppm pH 6 1 0.86 0.14 1.00
pyrite + Tc 1000 ppm pH 6 2 1.00 0.00 1.00
pyrite + Tc 600 ppm pH 10 3 0.08 0.92 1.00
pyrite + Tc 1000 ppm pH 10 4 0.30 0.70 1.00
magnetite structure 5 0.00 1.00 1.00

Table 3. EXAFS Derived Structural Parameters for Tc in the
Pyrite Samplesc

sample path CNa R (Å) σ2 (Å2)
ΔE0

(eV) %Rb

species 1 Tc O 5.8 2.00 0.0046 2.9 8.6
(sorbed Tc(IV)
dimers)

Tc Tc 1.3 2.55 0.0100

Tc Fe1 1.9 3.07 0.0098c

Tc Fe2 2.7 3.55 0.0098c

species 2 Tc O 6f 2.01 0.0043 3.0 6.1
(structural Tc(IV)) Tc Fe1 6f 3.08 0.0113
Yalcı̧ntas ̧10 Tc Fe2 6f 3.49 0.0093
aCN, coordination number. bR, residual. cFit errors: CN: ± 25%; R:
0.01 Å, σ2: 0.002 Å2, f: fixed, c: constrained.
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Detailed information about pyrite solubility determination, X-ray powder diffraction, -potential 

measurements, Raman microscopy and modelling 

Pyrite solubility.  

Eight suspensions of pyrite in water (1.3 g L-1) were prepared and their pH was adjusted in the range 

from 3.50 to 10.50. The samples were equilibrated under horizontal shaking for 3 weeks until the pH was 

constant. Afterwards, they were centrifuged (600 × g for 1 hour) and an aliquot of 1 mL from the 

supernatants was acidified with 10 μL of concentrated HNO3. The Fe2+ concentration in each sample was 

measured by inductively coupled plasma mass spectroscopy, ICP-MS (NexION 350x, Perkin Elmer). 

X-ray powder diffraction (XRD) 

The synthetic pyrite powder was analyzed by XRD (MiniFlex 600 powder XRD, by Rigaku) using Cu 

Kα (λ = 1.54184 Å) as X-ray source, that has an X-ray generation of 40 kV / 15 mA (600 W). The 

spectrum was recorded in a scan continuous mode. The sample preparation was carried out inside a N2 

glove box, where the solid was homogenized with an agate mortar and then mounted on an air-tight 

sample holder (Rigaku) to ensure the inert conditions of the sample during the measurement. 

-potential measurements 

In a N2 glove box, 0.05 g L pyrite suspensions were prepared in 0.1 M NaCl between pH 3.00 and pH 

10.50. Subsequently, aliquots of the suspension were transferred into disposable cuvettes (DTS1070, 

Malvern). The cuvettes were taking out of the glovebox, where the -potential measurements were 

rapidly performed (Zetasizer Nano Series Nano-ZS, Malvern Instruments) at 25 °C. Five different scans 
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of 30 seconds were carried out for every sample. The presented values are calculated as an average of 

the five independent measurements.  

Raman microscopy. The samples used for these experiments come from the preparation described in 

the XPS section. Approximately 10 µL of the re-suspension were deposited on a CaF2 Raman window 

under inert atmosphere. Once the solid was dry, the cell was sealed to ensure inert atmosphere during the 

measure. Raman microscopy (Horiba, model Aramis) was performed using a He – Ne Laser with a 10-

fold objective with a D 0.3 filter, a pin-hole of 500 µm and a slit of 600 µm. 

Modeling. Fe speciation calculations were performed by using the code CHESS v 2.41 and the two latest 

reported thermodynamic databases of Fe and Tc.2,3 

pH adjustment. Preliminary essays showed that with no further treatment, the pH of the pyrite 

suspension was not stable in the range from 5.50 to 8.50, as it always became acidic due to the pyrite 

oxidation.4  

In order to solve this problem, we decided to adjust the pH of all samples two times a week for the 

duration of the experiments, because in this range of time the variation of pH was already ± 0.15 pH 

units. To do so, small amounts of 2 M NaOH and/or HCl were added to the systems when required. The 

added volume did not exceed 10 µL, which ensured that the variation on Tc concentration and ionic 

strength was small enough to be neglected, having in mind that the volume of the samples was 32 mL 

and that the pyrite removed almost 100% of the Tc after one day, meaning that only the first pH 

adjustment was performed before the completion of the reaction. 

Table S1 is an example of the pH adjustment for the kinetics experiments. As can be seen, the standard 

deviation (SD) of the pH of the samples in the problematic range from 5.50 to 8.50 after the pH 
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adjustment is comparable with the SD of the pH of the samples whose pH did not change in a significant 

way.    

Table S1. pH values of the kinetics experiments. 

Day 1 Day 3 Day 7 Day 14 Day 21 Day 24 Day 35 Day 42 

pH 

average 

Standard 

Deviation 

3.56 3.57 3.58 3.67 3.63 3.64 3.58 3.61 3.60 0.04 

4.56 4.61 4.58 4.68 4.68 4.63 4.53 4.59 4.61 0.05 

5.4 5.55 5.54 5.69 5.52 5.66 5.5 5.59 5.56 0.08 

6.67 6.42 6.57 6.62 6.59 6.6 6.62 6.54 6.58 0.07 

7.43 7.44 7.55 7.55 7.62 7.55 7.48 7.56 7.52 0.06 

8.45 8.58 8.4 8.57 8.59 8.57 8.63 8.54 8.54 0.07 

9.51 9.49 9.49 9.58 9.49 9.50 9.50 9.58 9.52 0.04 

10.61 10.62 10.62 10.62 10.52 10.52 10.57 10.6 10.58 0.04 
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pH effect on pyrite solubility  

 

4 6 8 10 12

0.00

0.02

0.04

[F
e
2

+
] 
(g

 L
-1

)

pH  
S2. Pyrite solubility measured as Fe concentration as a function of pH studied by ICP-MS (NexION 

350x, Perkin Elmer). 
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